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Magnetic switching driven by external stimuli, such as
temperature, pressure, or photoexcitation, is of significant

fundamental and technological importance. Chemists were in-
strumental in creating magnetically ordered oxides and cyanides
by following the fundamental orbital rules for superexchange
between localized magnetic moments.1 In contrast, magnetic
ordering in electronically delocalized systems is dictated by the
peculiarities of electronic band structure at the Fermi level.2

Perhaps, this is why these so-called itinerant magnets have
remained largely untapped by chemists and generally viewed as
physicists' playground.3 Herein we demonstrate how a rational
chemical modification of an itinerant antiferromagnet allows
stabilization of a ferromagnetic (FM) ground state near room
temperature. Suchmaterials can show promise for applications in
sensing, data storage, and magnetic refrigeration.

In 1998, Reehuis et al. reported a fascinating pressure-induced
change in the magnetic behavior of EuCo2P2.

4 Under ambient
conditions, this compound exhibits an antiferromagnetic (AFM)
transition at 66.5 K due to the ordering of localized Eu2þ

magnetic moments, while the Co sublattice remains nonmag-
netic. Nevertheless, under pressure above 3.1 GPa, the material
develops itinerant magnetism due to the Co sublattice and shows
AFM ordering at 260 K. The dramatic modification of magnetic
properties was traced to the change in the oxidation state of Eu
fromþ2 toþ3, which formally leads to the electron transfer from
localized Eu 4f orbitals to the Co 3d subband in the ThCr2Si2-
type structure (Figure 1). This change is associated with a collapse
of the structure along the tetragonal c axis, with the nearest P�P
separation decreasing abruptly from 3.27 Å in the low-pressure
(LP) phase to 2.51 Å in the high-pressure (HP) phase.5

Similar to the HP form of EuCo2P2, the ambient-pressure
RCo2P2 phases (R = Ce, Pr, Nd, Sm) are characterized by
the collapsed ThCr2Si2 structure and AFM ordering of the Co
sublattice above 300 K.6 Only LaCo2P2 shows a larger c axis and
FM ordering at TC = 132 K.

7 Although it is reasonable to assume
that the difference in magnetic properties originates from the
strong change in the interlayer P�P distances,8 from 3.16 Å in
LaCo2P2 to 2.5�2.6 Å in RCo2P2, we have recently shown

7a that

the FM transition is sustained in La1�xPrxCo2P2 phases up
to x = 0.75, for which TC = 268 K and d(P�P) = 2.67 Å.
Nevertheless, upon further decrease of the P�P distances an
AFM ordering of the Co magnetic moments becomes dominant.

The delicate balance between the FM and AFM states in this
family of itinerant magnets stems from the presence of a strong
peak in the density of states at the Fermi level.7a This also
explains why the change from Eu2þ to Eu3þ leads to the drastic
modification of the magnetic behavior of EuCo2P2.

9

The application of pressure perturbs the electronic band
structure of EuCo2P2. Can one achieve a similar perturbation
by chemical means? To answer this question, we introduced Eu
into the crystal structure of PrCo2P2. Under ambient pressure,
the volume of the coordination sphere of rare-earth ion (VR) is
46.39 Å3 in EuCo2P2 and 39.07 Å

3 in PrCo2P2. Hence, an Eu
2þ

ion substituted in place of a Pr3þ ion should experience strong
chemical pressure that potentially perturbs its oxidation state.
This perturbation, in turn, will influence the cooperative long-
range magnetic ordering in the resulting material. Reported
below are the preparation, structure, and unprecedented ferro-
magnetic behavior of Pr0.8Eu0.2Co2P2 and its calcium analogue,
Pr0.8Ca0.2Co2P2.

The synthesis of Pr0.8M0.2Co2P2 (M = Eu, Ca) was performed
by annealing the starting materials in tin flux (Pr:M:Co:P:Sn =
0.8:0.8:2:2:30, total mass = 5 g) in evacuated (<10�2 mbar)
sealed silica tubes. The mixtures were annealed at 1155 K for
10 days, cooled down to 875 at 10 K/min, and quenched into
water. The Sn flux and binary rare-earth containing phases were
removed by soaking the samples in dilute HCl (1:1 v/v) for
24 h. At this point, X-ray quality single crystals were selected from
the samples. The elemental compositions established from en-
ergy-dispersive X-ray (EDX) analysis were close to those found
from the single-crystal X-ray structure determination. No traces
of Sn were detected by EDX and magnetic measurements.12
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The crystal structure of Pr0.8M0.2Co2P2 (M = Eu, Ca) is built
of alternating Pr/M and [Co2P2] layers (Figure 1). The latter is a
planar square net of Co atoms, with the P atoms capping the
centers of the squares above and below the plane in a chessboard-
like order. The unit cell parameters of Pr0.8M0.2Co2P2 are close
to those of PrCo2P2, with volumes following the ionic radii trend:
r(Eu2þ) > r(Pr3þ) > r(Ca2þ) (Table 1). The parameter a and the
intralayer Co�Co distance are only slightly smaller for
Pr0.8M0.2Co2P2 phases relative to PrCo2P2. Single-crystal and
powder X-ray diffraction data indicate a random distribution of
Pr and M atoms over the rare-earth crystallographic sites.

Magnetic measurements revealed that Pr0.8Eu0.2Co2P2 exhi-
bits FM ordering at TC = 282(2) K (Figure 2), which, judging
by the high Curie temperature, is attributed to the ordering of
the Co sublattice. The ferromagnetic transition is rather surpris-
ing, if we recall the aforementioned antiferromagnetism of both
PrCo2P2 and the HP form of EuCo2P2. Even more striking is the
fact that the interlayer P�P distances in Pr0.8Eu0.2Co2P2,
PrCo2P2, and HP-EuCo2P2 remain very similar (Table 1).
Additionally, the Ca analogue, Pr0.8Ca0.2Co2P2, also shows a
similarly short P�P distance and FM ordering at 278(3) K. All
these observations suggest that the oxidation state of Eu in
Pr0.8Eu0.2Co2P2, despite the strong compression of its crystal-
lographic site, should be quite different from þ3. Hence,
incorporation of Eu into PrCo2P2 should significantly perturb
the electronic band structure.

To conclusively probe the oxidation state of Eu, a M€ossbauer
spectrum of Pr0.8Eu0.2Co2P2 was collected at room temperature.
A broad signal with δ = �6.4 mm/s (vs EuF3) was observed
(Figure 3), which is intermediate between those found for the
isostructural EuFe2P2 at atmospheric pressure (Eu2þ, �10.7
mm/s) and at 12 GPa (Eu3þ, �0.4 mm/s).9 Thus, it is more
likely that Eu in Pr0.8Eu0.2Co2P2 is in the intermediate oxidation
state ofþ2.4(1).13 The presence of only one such signal indicates
that there is no charge ordering resulting in discrete Eu2þ and

Eu3þ states and that the electron fluctuation rate between the
localized 4f level and the conduction band is greater than the
reciprocal of the excited state lifetime of the 151Eu M€ossbauer
experiment (∼10�9 s). This is reminiscent of the situation
observed in EuNi2P2

14 and EuCu2Si2
15 and clearly contrary to

the behavior exhibited by so-called inhomogeneous mixed-valent
systems such as Eu3S4

16 and EuNiP.17

The low-temperatureM€ossbauer spectrum of Pr0.8Eu0.2Co2P2
collected at 78.6 K clearly exhibits magnetic hyperfine splitting
(Figure 3), in accord with the ferromagnetic ordering established
frommagnetization measurements. The low signal-to-noise ratio
is explained by the relatively high isotopic concentration of 151Eu
nucleus in the sample (∼4.4 wt %) and the similar mass
absorption coefficients of Pr and Eu. (See Supporting Informa-
tion for more details in this context.)

Using the earlier detailed study of the isomer shift of Eu in
EuFe2P2, which exhibits a gradual pressure-induced transition from
Eu2þ to Eu3þ,9 we estimate that Eu in Pr0.8Eu0.2Co2P2 experiences
a strong chemical compression equivalent to ∼5.6 GPa. This is in
agreement with the large difference in volumes of the Pr3þ and
Eu2þ ions. Similar to the pressure-dependent behavior of EuCo2P2,
such compression causes a partial electron transfer from Eu2þ to the
Co 3d subband, which we estimate as∼0.1 e� per Pr0.8Eu0.2Co2P2
formula unit. Interestingly, even such small variation in the electron
concentration causes the drastic modification of magnetic proper-
ties, as was postulated in our initial hypothesis.

Figure 1. Crystal structures of EuCo2P2
10 (left) and PrCo2P2

11 (right).
The interlayer P�P distances are indicated with black arrows.

Table 1. Crystallographic data for ACo2P2

A a, Å c, Å VR, Å
3 dCo�Co, Å dP�P, Å

Eu10 (LP) 3.7649 11.348 46.4 2.662 3.273

Eu5 (HP) 3.856 9.651 37.9 2.727 2.511

Pr11 3.9000 9.759 39.1 2.758 2.569

Pr0.8Eu0.2 3.8994(1) 9.7972(3) 39.3(1) 2.7573(1) 2.582(3)

Pr0.8Ca0.2 3.8957(1) 9.7389(3) 38.8(2) 2.7547(1) 2.558(5)

Figure 2. Temperature dependence of magnetic susceptibility for
Pr0.8M0.2Co2P2 (M = Eu, Ca) measured in an applied field of 0.001 T.
Weiss constants are also shown for both compounds.

Figure 3. 151Eu M€ossbauer spectra of Pr0.8Eu0.2Co2P2 at 298 and
78.6 K. The red solid line shows a Lorentzian fit.
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X-ray absorption near edge structure (XANES) spectra of
Pr0.8Eu0.2Co2P2 were collected in transmission mode above the
L3-Eu (6977 eV) absorption edge. In contrast to the room-
temperature M€ossbauer spectrum, two absorption peaks corre-
sponding to Eu2þ and Eu3þ are observed, similar to some other
intermediate valence compounds.18 The clear resolution of
two maxima corresponding to different oxidation states of Eu
(Figure 4) suggests that the electron fluctuation rate between the
localized 4f level and the conduction band is lower than the
reciprocal of excited state lifetime of XANES spectroscopy
(∼10�15 s).

Upon lowering the temperature, the amplitude of Eu3þ peak
increases while the Eu2þ component becomes weaker. The
extraction of Eu valence components and evaluation of their
contribution into the L3-Eu XANES spectra using the conven-
tional fitting procedure (see the Supporting Information)19

revealed that the average oxidation state of Eu increases
from þ2.35(2) at 300 K to þ2.43(2) at 8 K. The change can
be explained by a gradual lattice contraction upon cooling and
corresponding rise of the chemical pressure, which favors the
smaller in volume Eu3þ state.

Density functional band structure calculations, performed
using a full potential all-electron local orbital (FPLO) code,20

revealed that the introduction of Eu into the PrCo2P2 structure
leads to a significant perturbation of the band structure and
destabilizes the AFM state. In the AFMmodel of PrCo2P2, there
are no bands crossing the Fermi level in the Γ�Z and X�M
directions (Figure 5). This might be viewed as a stabilization
factor for the AFM state. While the substitution of Eu2þ for Pr3þ

has little effect on the states near the Fermi level, it does lower the
position of EF due to the donation of fewer electrons to the Co 3d
subband. As a result, in the AFM model of a hypothetical
compound Pr0.5Eu0.5Co2P2

21 several bands cross the Fermi level
in the Γ�Z and X�M directions, thus destabilizing the AFM
state. Consequently, the difference in energy between the AFM
and FM models of Pr0.5Eu0.5Co2P2 becomes comparable to kT
(Table S3 in Supporting Information).

Pr0.8Eu0.2Co2P2 is unique among the RCo2P2 phases in that it
exhibits an FM ordered state over a large temperature range,22

despite the short interlayer P�P distance of 2.582(3) Å compar-
able to those found in AFM RCo2P2 materials, including the
high-pressure form of EuCo2P2. This points yet again to the

importance of electronic factors in defining the magnetic beha-
vior of these phases. On the basis of the properties of ternary
RCo2P2 phases, one would expect that Pr0.8Eu0.2Co2P2 should
eventually become AFM at sufficiently high pressure, due to the
stabilization of the Eu3þ oxidation state. Investigation of the
pressure-dependent behavior of Pr0.8Eu0.2Co2P2 is currently in
progress, with the results to be reported in due course.

In conclusion, we have demonstrated a dramatic modification
of antiferromagnetism in PrCo2P2 upon aliovalent substitution
into the Pr sublattice. Both Pr0.8Eu0.2Co2P2 and Pr0.8Ca0.2Co2P2
undergo a ferromagnetic phase transition due to the ordering of
Co magnetic moments near 280 K. Eu in Pr0.8Eu0.2Co2P2
exhibits a homogeneous mixed-valent state that is delocalized
on the time scale of M€ossbauer spectroscopy and not on that of
XANES spectroscopy. Importantly, the change in the magnetic
behavior arises not from themodification of themagnetism of the
rare-earth sublattice, but from the effect the nonisoelectronic
substitution in this sublattice has on delocalized band structure at
the Fermi level. We believe that this approach to the control of
magnetic properties by chemical means can be extended to other
itinerant magnets.
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Figure 4. L3-Eu XANES spectra of Pr0.8Eu0.2Co2P2 at various tempera-
tures. A fit of the 8 K spectrumwith a combination of analytical functions
for Eu2þ and Eu3þ contributions is shown.

Figure 5. Spin-polarized band diagrams for the FM and AFMmodels of
PrCo2P2 and hypothetcial Pr0.5Eu0.5Co2P2.
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